Cellular memory is a critical ability displayed by microorganisms in order to adapt to potentially detrimental 19 environmental fluctuations. In the unicellular eukaryote S. cerevisiae cellular memory can take the form of a 20 faster or a decreased response following repeated stresses in cell population. Using microfluidics and 21 fluorescence time-lapse microscopy, we studied how yeasts respond to short-pulsed hyperosmotic stresses at 22 the single-cell level by analyzing the dynamical behavior of the stress responsive STL1 promoter fused to a 23 fluorescent reporter. We established that pSTL1 shows variability in its successive activations following two 24 repeated short stresses. Despite this variability, most cells displayed a memory of past stresses through a 25 decreased activity of pSTL1 upon repeated stress. Notably, we showed that genomic location is important for 26 the memory effect since promoter displacement to a pericentromeric chromatin domain leads to a decreased 27 transcriptional strength of pSTL1 and to the loss of memory. This study provides a quantitative description of a 28 cellular memory that includes single-cell variability and points towards the contribution of the chromatin 29 structure in stress memory. 30 31
Introduction 34 35
Cellular memory can be defined as a cellular response to transient and repeated stimuli. These latter can 36 emanate from constantly fluctuating and potentially stressful environments, thus possibly exerting a selective 37 pressure on cell viability [1] . To ensure their survival, living organisms have developed various strategies to 38 cope with environmental changes. One possible way for cells to maintain their biological functions in a 39 challenged environment is to regulate gene transcription [2] . The active genetic response allowing cells to 40 survive a single stimulus is referred to as cellular adaptation. Factors such as histone post-translational 41 modifications, chromatin remodelers, specific proteins produced during the stress or even changes in 42 chromatin conformation have been determined to be causal factors for adaptation to environmental changes 43 [3, 4] . What happens when cells encounter consecutive stresses is less well understood, however it has beenstress [29] and ii) full recovery of the cells from the first stress, thus allowing to compare the dynamics of 101 response to the first and second osmotic stress. Moreover daughter cells born between the two stresses were 102 not considered, since they did not receive the first stress and may blur the stress response. Rather, we focus 103 exclusively on the population that received both the first and the second stress ( figure 1c ). In such a 104 population, we calculated the mean pick of fluorescence reached during the first and second stress, taking the 105 basal fluorescence level prior to the corresponding stress as a reference. It reaches 77,14 ± 6,71 (a.u.) after the 106 first stress and 55, 44 ± 4,26 (a.u.) after the second stress, indicating a decrease of fluorescence intensity by 107 20% in average after the second stress (figure 1d). No difference in the time required to reach the peak of 108 fluorescence was detected between the two picks (figure 1e). The decrease of fluorescence amplitude 109 correlated with decreased protein amount, as detected by Western Blotting (supplementary figure 1), 110
suggesting it is independent of photo bleaching. 111
Altogether, these observations suggest that at the level of stressed cells population, there is a memory of the 112 first stress event. Moreover, the decrease of fluorescence intensity at the second stress is seemingly due to a 113 reduction of protein production rate rather than a shortened duration of transcription events. 114
115

At the level of single cells, most cells, but not all, show a cellular memory. 116
Yet, this memory effect was not shared equally among cells. Indeed, single-cell analysis reveals a dynamic 117 variability in the individual response to the repeated stresses. We classified single-cell fluorescent trajectories 118 according to typical behaviors based on the first and second responses to stress (figure 2a). The most frequent 119 behavior (55% ± 11%) is in line with the population memory effect in which the cells submitted to the second 120 stress showed lower fluorescence intensity (figure 2b). However, up to 18%±7% of cells display an opposite 121 behavior, with a stronger response at the second stress (figure 2b). Very few cells showed similar responses to 122 both stresses. Interestingly, we observed two subpopulations of cells that did not respond to one of the stress 123 To determine the importance of the intrinsic variability on setting the different dynamical behaviors shown in 130 figure 2a , that is the stochastic nature of the pSTL1 activation, we performed stochastic simulations based on 131 the Gillespie algorithm [30] . We simulated the transcription of pSTL1 and the translation of the fluorescent 132 reporter of 1000 cells submitted to two 8min stresses separated by 4h (figure 2c). The rates of production and 133 degradation of mRNA and proteins were set as established previously [31] (supplementary Table 1 ). Such a 134 model implies that the computed cells will necessarily respond to both stresses. However, our experiments 135
show that cells exposed to an 8min stress do not necessarily respond to a stress (figure 2d), conversely to cells 136 submitted to a longer stress (figure 2e). More specifically, the absence of response disappears for longer stress 137 duration since for a 1h stress 100% cells showed an activation of pSTL1, while for 8 min stress 80% of cells 138 showed a response (figure 2f). This experimental observation suggests the existence of a critical time from 139 which all cells will eventually respond to a stress. A stochastic time of activation of the STL1 promoter was 140 therefore added to the model. As expected in such a memory-free system, cells were clustered equally in the 141 two main categories obtained experimentally, and the population did not display any memory effect. Of note, 142 transcriptional delay made possible clusters 4 and 5 appearance (figure 2g). 143
The differences in clusters observed in vivo and through simulation suggest that a biological mechanism other 144 than noise in transcription and translation is at play in the memory effect. 145
146
Memory to pulsed hyperosmotic stress does not require de novo protein synthesis during the stress. 147
In order to investigate the biological origin of the memory effect, we first wanted to determine if the memory 148 effect was linked to one or several long-lived proteins synthesized during the first episode of stress. To test this 149 hypothesis, we inhibited transcription upon stress using thiolutin, a well-studied molecule that inhibits all 150 three RNA polymerases in the yeast in a reversible manner [32] (figure 3a, b). As expected, treatment of cells 151 with thiolutin led to the loss of pSTL1 activity: when cells were treated for 1h with thiolutin (50µg/µL), no cells 152 showed a fluorescent signal when stimulated by an 8 min hyperosmotic stress, while 80% ± 20% cells showed 153 a signal in response to a hyperosmotic stress in the absence of thiolutin ( figure 3a, b) . We next tested the cells 154 ability to respond back to a hyper-osmotic stress after treatment with thiolutin ( figure 3c, d ). After 1h in the 155 presence of thiolutin, the inhibitor was washed out and cells were submitted to an 8 min hyperosmotic stress,4h later. At the population level, a response similar to the response to the first stress without thiolutin 157 treatment was observed ( figure 3c, d ). In the presence of thioluthin, stress response is however slightly 158 decreased and the maximum of intensity after 8 min of stress is 88,55 +/-7,7%, as compared to 100 +/-4,74 % 159 in non-treated cells, suggesting that not all of the thioluthin effect is erased. We then performed a thiolutin 160 treatment during 1h, including during the first stress, then washed the inhibitor and submitted cells to a 161 second stress 4h later (figure 3e, f). In these conditions, cells showed a marked decrease of the YFP signal by 162 40%, comparable to the 47% decreased response to a second stress without thiolutin treatment. Consequently, 163 this experiment suggests that the memory effect is not primarily driven by de novo synthesis of proteins 164 during the first stress, which could help the cells to respond to the second stress. To explain the observed 165 memory effect, we can hypothesize that the first stress induces chromatin modifications independently of the 166 activity of any RNA polymerases, but with an effect on subsequent transcription events at the pSTL1 locus. A 167 possibility could be that chromatin marks would appear in most cells during the first stress and alter the 168 response dynamics of cells during the second stress. 169
170
Chromosome positioning influences the dynamical activity of pSTL1. 171
The STL1 locus is located on the right arm of the chromosome IV, in its subtelomeric region, prone to silencing 172 in non-stress conditions. To investigate the influence of the chromatin context on the dynamics of activation of 173 pSTL1, we moved a region containing the promoter of STL1 and the yECITRINE fluorescent reporter to a 174 distinct, centromeric chromatin domain (figure 4a). The displaced DNA region included 1kb upstream of the 175 STL1 locus, enough to have a fully functional STL1 promoter [33] . To compare pSTL1 activity between its 176 endogenous position and the centromeric one, we first submitted both strains to a 2h hyperosmotic stress and 177 used flow cytometry to quantify the fluorescence at several time points. The activity of centromeric pSTL1 was 178 significantly lower than in wild type cells in two independent clones ( figure 4b and supplementary figure 3) , 179 although the integrity of the promoter was preserved [33] . 180
Patterns of consecutive responses to two 8min hyperosmotic stresses separated by 4h were then compared 181 between endogenous and displaced pSTL1. Cells expressing the STL1 promoter at this centromeric position 182 showed a more uniform distribution into the five defined clusters and there was a decrease in the amount of 183 cells displaying the memory effect (from 55%±11% to 28%±4%, figure 4c) compatible with a purely stochasticprocess. Such a result indicated that the chromatin environment might be involved in the dynamical 185 transcriptional activity of pSTL1. Although a functional pSTL1 promoter has been displaced, potential 186 subtelomeric regulatory elements could have been lost during gene displacement. We have ruled out this 187 hypothesis using a Crispr/dCas9VPR system [34] to bypass regulatory elements and force the activation of 188 pSTL1 in non-stress conditions (supplementary figure 4). We designed guide RNAs to target Crispr/dCas9VPR 189 within the 1kb sequence of displaced pSTL1 and successfully induced the fluorescent reporter expression 190 independently of any stress at both the peri-centromeric and subtelomeric positions. We observed a decrease 191 in the activity of pSTL1 at the peri-centromeric position compared to the endogenous one, meaning that the 192 observed differences of expression of pSTL1 are not linked to the sequence of the promoter itself or the 193 presence of regulatory elements, but is rather related to the chromatin environment. 194
Taken together, our results show that the chromatin environment sets the variability of single-cell dynamical 195 response for short stresses and can consequently act on cellular memory. 196
197
Discussion 198 In the current study, we investigated how individual yeast cells dynamically behave in response to short pulsed 199 hyperosmotic stresses. Focusing our study on short stresses allowed to analyze the genetic response to 200 hyperosmotic stresses exclusively and probe the cell-cell variability that finds its origin in the onset of 201 transcriptional events. 202
The in-depth single-cell analysis reveals that yeasts display various behaviors in response to two repeated 203 stresses that we have clustered according to several typical profiles. Response to the second stress could be 204 similar, higher or lower than the response to the first stress. The latter case corresponds to the most frequent 205 response and was named memory effect. We have also considered two additional profiles where cells do not 206 respond to one of the two stresses exclusively. These last two profiles might depend on transcriptional delay 207 as verified by simulation and validated by the experimental observation that all cell respond to a long stress, as 208 observed previously [35] . Using stochastic simulations, we have established that the five profiles of response 209 could be explained by gene expression stochasticity. Yet, the single-cell quantification obtained with such a 210 model does not account for the prevalence of the memory effect, indicating it is not a reflection of gene 211 expression stochasticity alone.
Studies on cellular memories in budding yeast in response to repeated stresses typically describe a faster 213 dynamics of gene expression, or lower amplitude of response as two possible ways to respond [5, 7, 36] . 214
Similarly to the response to a long hyperosmotic stress, we observe a decrease in amplitude of pSTL1 response 215 after pulsed stresses, without any difference in the time of reactivation [5] . We speculate that a diminished 216 response could be a strategy for the cells to lessen their burden compared to the case where transcriptional 217 response to two stresses would be similar. 218
What is the mechanism that could drive a diminished response to a hyperosmotic stress? It is possible that, as 219 observed in the response to hyperosmotic stress triggered by Nacl, a long-lived protein triggered by the stress, 220 could remain in the nucleus upon the first stress and hamper the promoter of interest for a similar activation 221 upon the second stress [5] . However, it is known that after stress, phosphorylated Hog1 translocates within 3 222 min. into the nucleus, leading to the up regulation of stress response genes, including STL1 and Hog1 rapidly 223 exits the nucleus, 15-30 min after the start of the stress, making this assumption less likely [25] . Alternatively, 224
transcriptional inhibition experiments show that the memory effect does not seem to require de novo protein 225 synthesis. Since transcriptional inhibitor thiolutin inhibits all three RNA Pol and de novo transcription, but does 226 not prevent potential transcription factors from binding to the promoter's sequence, specific histone marks 227 are possibly left after first stress. Those marks could serve as traces of previous activities of the promoter and 228 could explain a diminished response. Such an interpretation awaits single cell ChIP to be validated. 229
We further showed that the dynamic variability distribution between single cells was dependent on the 230 positioning of the pSTL1 locus on the chromosome. When displaced in a pericentromeric domain, pSTL1 231 shows a decreased activity. We could discard potential loss of regulatory sequences by showing that activation 232 of pSTL1 by a CrispR-dCAS9-VPR construct, which bypasses the need for stress factors for the response, still 233 depends on the genomic position. At this pericentromeric position, the stochasticity of gene expression 234 prevails and the memory effect is lost. Consequently, an active mechanism might occur in the subtelomeric 235 regions upon stress, allowing for the memory effect to become predominant among cell population. 236
Interestingly, it has been already observed that changing the position of a gene in the genome can alter its 237 expression [37] . It was proposed that change in expression level could be due to changes in transcription noise, 238 or a in the noisy steps when cells transition between two expression levels [37] . The latter case has been 239 shown to enhance the cellular memory when cells were subjected to glucose limitation stress [20] .
One key difference between the two genomic positions we have analyzed is the variation in the amplitude of 241 pSTL1 response. We thus propose that transcriptional marks or transactivators will induce a high level of 242 transcriptional activity during the first stress, required to overcome the stochasticity of gene expression and 243 lead to the emergence of a cellular memory. A parallel can be drawn with previous studies performed in B. 244 subtilis, where transcriptional events occurring above a certain threshold have been described to lead to the 245 emergence of a cellular memory [38] . Although this organism is a prokaryote, some similarities might exist 246 between those two microorganisms in regard to the biology of a memory. 247
It could be hypothesized that a high activity of the promoter of interest could mean an opened chromatin. 248
Although marks of acetylation are usually associated with a high level of gene expression, the activity of pSTL1 249 is reduced in absence of the histone deacetylase Rpd3 [39] . In the experimental context studied here, marks of 250 deacetylation are possibly involved for a high level of transcriptional activity. It would be interesting to 251 investigate the potential role of (de)acetylation by, for instance, forcing a high level of (de)acetylation during 252 the first stress only. 253
Stochastic gene expression gives a diversity of behaviors. From an evolutionary point of view, this diversity of 254 responses to repeated stresses allows the selection of the most adapted one. In our experimental conditions, 255 the preference for a memory effect suggests that the specific subtelomeric position of pSTL1 offers an optimal 256 regulation level to perform better adaptation. 257
Altogether our work shows how critical single-cell studies are for stress memory analyses. It also indicates that 258 establishment and transmission of memory does not require a long stress and can start after short-pulsed 259 stresses. Our work could serve as a basis to broader studies of the positioning of stress response genes in the 260 budding yeast in response to fluctuating environments. 261
262
Materials and Methods 263
Flow Cytometry: all flow cytometry experiments were performed with a flux cytometer Gallios (Beckman 264 Coulter) equipped with 10 colors, 4 lasers (488nm Blue, 561nm Yellow, 638nm Red, 405 nm Violet). We used 265 the excitation laser 488nm and the emission filter at 530nm +/-30 nm. 266
267
Yeast strains and cell culture: our experiments were made using a pSTL1::yECITRINE-His5 (yPH53) strain 268 Crispr dCAS9 experiments: we used the plasmid pAG414GPD-dCas9-VPR from Addgene plasmid (# 63801) to 278 express the inactivated form of CAS9 fused to transcriptional activator VPR. The guides were cloned under 279 SNR52 promoter in plasmid pEF534 using the enzyme BsmBI. Digesting the resulting plasmid by NotI / XbaI 280 and cloning the Guide containing fragment into pRS425 similarly digested, performed marker exchange. We 281 designed two guides targeting pSTL1, respectively gRNA1, GAAAGTGCAGATCCCGGTAA and gRNA2, 282
GCGCCGAATACCCCGCGAAA. 283 284
Single-cell clustering: To categorize cells in different classes, we compared the maximum level of fluorescence 285 reached during the first and second stress, while taking the basal fluorescence level prior to the corresponding 286 stress as a reference. The ratio between the maximum amplitude of the first and the second stress was then 287 evaluated. Cells categorized according to profile 1 had a ratio superior to 1, cells categorized according to 288 profile 2 had a ratio inferior to 1 and cells displaying profile 3 had a ratio equal to 1. The cells with a maximum 289 of amplitude equal to 0 (no expression) during the second or the first stress were categorized separately 290 (figure 2b). All ratios were established with a 5% threshold. 291 292 Microfluidics: we used an H-shaped microfluidic device to confine the yeast in channels of 3.7µm high. This 293 microfluidic device was made using soft lithography techniques. The hyperosmotic stresses were triggered 294 using SC+2% glucose supplemented with 1M sorbitol. The media were flown in the microfluidic chip using a 295 peristaltic pump ISMATEC set at 120µL/min flow rate. Mask design is in sup figure 1. 296
297
Transcriptional inhibition: cells were exposed to SC with addition of thiolutin (Abcam ref ab143556) at 298 50µg/mL (diluted in DMSO) for 1h prior and during the stress. To wash out Thiolutin in the microfluidics 299 experiments, SC medium was delivered to the cells during 4h using a peristaltic pump set at a flow rate of 300 120µL/min. 301 302 Microscopy: we used an inverted microscope Olympus IX71. Yeasts were observed with an objective x100 303 UplanFLN 100x/ 1.3 Oil Ph3 Ul2. Images were recorded with a camera Cool Snap HQ2 Princeton Instruments. 
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